The VMH is of central importance in control of energy homeostasis. Mice lacking SF-1 suffer from a failure to appropriately develop adrenal glands and gonads, and also have abnormal development of the VMH 1-3 . These mice, when rescued from lethality by adrenal transplantation, develop massive obesity resulting from both hyperphagia and reduced energy expenditure 4 .
a r t I C l e S
The VMH is of central importance in control of energy homeostasis. Mice lacking SF-1 suffer from a failure to appropriately develop adrenal glands and gonads, and also have abnormal development of the VMH [1] [2] [3] . These mice, when rescued from lethality by adrenal transplantation, develop massive obesity resulting from both hyperphagia and reduced energy expenditure 4 .
Regulation of VMH neurons in control of body weight includes brain-derived neurotrophic factor (BDNF), deletion of the gene for which specifically in the VMH and the adjacent dorsomedial hypothalamus (DMH) results in obesity 5 . Moreover, leptin signaling in VMH neurons substantially contributes to energy homeostasis, as SF-1 neuron-specific leptin receptor disruption causes obesity 6, 7 . VMH control of glucose and energy homeostasis in turn seems to depend at least in part on glutamate release from these cells, as disruption of the vesicular glutamate transporter from SF-1 neurons causes a modest increase in body weight when mice are exposed to a high-fat diet (HFD) as well as impaired counter-regulatory responses to hypoglycemia 8 . Thus, excitatory transmission, originating from the VMH and under tight control by peripheral signals and brain-derived neuropeptides, is central in glucose and energy homeostasis.
However, the physiological role of insulin action on VMH neurons has not been addressed, despite the notion that unidentified VMH neurons in mice and rats can respond to insulin [9] [10] [11] . Although insulin action in the CNS regulates peripheral glucose and fat metabolism [12] [13] [14] and insulin can acutely suppress food intake and decreases fat mass in both rodents and humans [15] [16] [17] , the specific neuronal population(s) mediating the anorexigenic effect of insulin are still unknown. We have previously shown that insulin signaling regulates agouti-related protein (AgRP) neurons of the arcuate nucleus (ARC) and that this effect is necessary for insulin's ability to suppress hepatic gluconeogenesis 18 . Thus, to directly address the functional role of insulin action in VMH neurons, we have generated and characterized mice with disruption of the insulin receptor (Insr) specifically in SF-1-expressing cells (SF-1 ∆IR mice) using Cre/loxP-mediated recombination in vivo.
RESULTS

Insulin activates PI3K in VMH neurons cell-autonomously
Because we and others have previously demonstrated that insulinevoked PI3K signaling controls many critical functions in diverse neuronal populations 10, [18] [19] [20] [21] [22] , we addressed whether insulin also activates this signaling pathway in SF-1-positive VMH neurons. To genetically mark SF-1-positive cells, we used two different reporter mouse strains, which express either β-galactosidase (lacZ) or enhanced green fluorescent protein (GFP) after Cre-mediated recombination (SF-1 lacZ or SF-1 GFP mice, respectively; Fig. 1a ) 19, 23 . We performed double immunohistochemical analysis for immunoreactive phosphatidylinositol-3, 9 1 2 VOLUME 14 | NUMBER 7 | JULY 2011 nature neurOSCIenCe a r t I C l e S 4,5-trisphosphate (PtdInsP 3 ) and for β-galactosidase in VMH SF-1 neurons of SF-1 lacZ mice that had been fasted and either saline injected or stimulated with insulin for 10 or 20 min. This analysis revealed that insulin strongly activated PtdInsP 3 formation in SF-1-positive VMH neurons of control mice (Fig. 1b,c) . Of note, approximately 40% of VMH SF-1 neurons showed strong PtdInsP 3 -immunoreactivity 20 min after insulin stimulation (Fig. 1c) ; however, these neurons were not uniformly distributed throughout the VMH, but clustered on both sides close to the ventricle and adjacent to the ARC, with fewer neurons showing high PtdInsP 3 staining distal to the ventricle (data not shown). These results indicate that distinct subpopulation(s) of SF-1 neurons are insulin sensitive in control mice.
To investigate the role of insulin action in these neurons in control of energy and glucose homeostasis, we generated mice with inactivation of the insulin receptor specifically in SF-1-positive VMH cells (SF-1 ∆IR mice). In contrast to control mice, insulin stimulation of SF-1 lacZ:∆IR mice, which express β-galactosidase (lacZ) in insulin receptor−deficient cells, did not increase PtdInsP 3 in β-galactosidasepositive cells compared to saline injection, indicating efficient deletion of the insulin receptor gene in SF-1 neurons of SF-1 ∆IR mice (Fig. 1b,d) . SF-1 VMH-restricted insulin receptor deficiency was further substantiated by performing in situ hybridizations for Insr mRNA expression in the hypothalamus of control and SF-1 ∆IR mice. Whereas overall VMH insulin receptor mRNA expression was reduced by 50% in the VMH of SF-1 ∆IR mice compared to control mice (Fig. 1e) , insulin receptor mRNA expression in the neighboring DMH did not show significant differences between the two genotypes (data not shown). Performing double β-galactosidase immunohistochemistry and insulin receptor in situ hybridization in SF-1 lacZ mice and SF-1 lacZ:∆IR mice showed that insulin receptor mRNA expression was selectively reduced in β-galactosidase-positive SF-1 neurons of SF-1 lacZ:∆IR mice (Fig. 1e) .
As insulin signaling, and particularly insulin-evoked PI3K activity, controls cellular growth, differentiation and survival, we assessed the numbers of β-galactosidase-expressing SF-1 VMH neurons in lacZ reporter mice. Lack of insulin receptor signaling did not affect differentiation and survival of SF-1-positive VMH neurons (Supplementary Fig. 1) .
Besides the VMH, only pituitary, testis and spleen showed detectable deletion of the Insr allele in DNA extracts from tissues of SF-1 ∆IR mice (data not shown), and immunoblot analyses showed unchanged insulin receptor expression in other peripheral tissues, consistent with the previously described expression pattern of SF-1 (Fig. 1f) . Moreover, the reproductive performance of control and SF-1 ∆IR mice as assessed by pregnancy interval and mating success was comparable to that of control mice ( Supplementary Fig. 2a,b) . Moreover, pituitary mRNA expression of follicle-stimulating hormone (Fshb), luteinizing hormone (Lhb), thyroid-stimulating hormone (Tshb) and growth hormone (Gh) remained the same in SF-1 ∆IR mice as in controls (Supplementary Fig. 2c ), also consistent with the unaltered circulating concentrations of thyroid hormone in these mice ( Supplementary  Fig. 2d ). Thus, insulin receptor deficiency in SF-1-positive cells seems not to affect reproductive function in these mice.
K ATP channel-dependent silencing of SF-1 neurons by insulin Using SF-1 GFP mice, we studied the effect of insulin stimulation on electrophysiological properties of SF-1 neurons in the VMH. To determine the insulin responsiveness of SF-1 neurons (SF-1 GFP neurons) and SF-1 neurons that lacked the insulin receptor (SF-1 GFP:∆IR neurons), we performed perforated patch clamp recordings to ensure the integrity of intracellular components (Fig. 2a) . Basic biophysical properties such as whole-cell capacitance, membrane potential, firing rate and input resistance were not significantly different between SF-1 neurons of the two genotypes ( Table 1) . Insulin inhibited 43% (6 of 14) of the SF-1 GFP neurons (Fig. 2) recorded from the mediobasal a r t I C l e S VMH, where most of the insulin-stimulated PtdInsP 3 formation was detectable. In the subset of insulin-responsive neurons, the membrane potential significantly hyperpolarized from upon insulin stimulation −48.2 ± 0.7 mV to −54.1 ± 1.7 mV (n = 6; P < 0.05; Fig. 2 ) and the firing rate was significantly reduced from 2.2 ± 0.5 Hz to 0.7 ± 0.5 Hz (n = 5; P < 0.05; Fig. 2 ). Application of the specific K ATP channel antagonist tolbutamide along with insulin resulted in the recovery of membrane potential and firing rate to control values ( Fig. 2) . In contrast, none of the SF-1 GFP:∆IR neurons were inhibited by insulin (0 of 12; Fig. 2 ). Of note, insulin induced excitation in one of the SF-1 GFP neurons and two of the SF-1 GFP:∆IR neurons. Taken together, our results indicate that insulin modulates the biophysical properties in a subset of SF-1 VMH neurons in a similar manner as it does pro-opiomelanocortin (POMC) neurons of the ARC 19, 21 . To begin to address whether leptin-regulated SF-1 VMH neurons and insulin-regulated SF-1 VMH neurons might segregate into distinct populations, we performed whole-cell patch clamp electrophysiological recordings from identified SF-1 VMH neurons with individual or sequential application of leptin and insulin (Supplementary Tables 1-3 ). This analysis revealed that SF-1 VMH neurons that depolarized upon leptin stimulation did not decrease firing frequency upon subsequent insulin stimulation and that 3 of 21 neurons, which did not respond to leptin, hyperpolarized upon subsequent insulin stimulation (Supplementary Table 2 ). Moreover, 1 of 16 neurons that did not to respond to insulin depolarized upon subsequent leptin treatment, and 5 of 16 neurons that did not respond to insulin hyperpolarized upon subsequent leptin application (Supplementary Table 3) . Collectively, these experiments provide evidence that leptin and insulin responses of SF-1 VMH neurons are likely to segregate.
Attenuated obesity in SF-1 ∆IR mice upon high-fat feeding We investigated the effect of insulin receptor deficiency in SF-1 VMH neurons on energy homeostasis. On a normal chow diet, there was no difference in body weight, circulating plasma leptin concentrations, body fat content or epigonadal fat pad mass ( Fig. 3a-d ) between control and SF-1 ∆IR mice, indicating that deletion of Insr in SF-1 VMH neurons has no effect on energy homeostasis under normal chow diet conditions.
To address whether insulin action in SF-1 VMH neurons affects energy and/or glucose homeostasis under conditions of diet-induced obesity, we analyzed control and SF-1 ∆IR mice that were exposed to HFD after weaning. This analysis revealed that HFD increased body weight, circulating plasma leptin concentrations, body fat content as well as epigonadal fat pad mass in control mice ( Fig. 3a-d) . In contrast, SF-1 ∆IR were protected from HFD-induced weight gain (Fig. 3a) . Of note, the lower HFD-induced body weight gain in SF-1 ∆IR mice resulted from reduced adiposity, as serum leptin concentrations both at week 8 and week 20 of age, body fat content as measured by nuclear magnetic resonance imaging and epigonadal fat pad mass at 20 weeks of age were significantly lower in SF-1 ∆IR mice than in controls (Fig. 3b-d) . Consistent with reduced adiposity in these mice, adipocytes were significantly smaller in SF-1 ∆IR than in control mice after exposure to HFD (Fig. 3e,f) .
Improved leptin sensitivity in SF-1 ∆IR mice upon high-fat feeding As alterations in energy homeostasis can be caused by either altered energy intake, energy expenditure or a combination of both, we aimed to determine how ablation of insulin receptor-mediated signaling in the VMH attenuates HFD-induced weight gain and obesity. To this end, we determined food intake as well as O 2 consumption and CO 2 production by means of indirect calorimetry in 6-to 7-week-old and 12-to 13-week-old control and SF-1 ∆IR mice exposed to HFD. This analysis revealed that food intake of young SF-1 ∆IR mice before the onset of alterations in body weight was not different from that of control mice (Fig. 4a) , whereas older SF-1 ∆IR mice showed significant a r t I C l e S lower absolute caloric intake than controls (Fig. 4b) . However, this difference was not obvious when caloric intake was normalized for altered body weight (Supplementary Fig. 3 ). By contrast, O 2 consumption (Fig. 4c,d) , CO 2 production (data not shown) and locomotor activity (data not shown) did not differ between young or older SF-1 ∆IR and control mice exposed to HFD. Similarly, the respiratory exchange rate remained unchanged in SF-1 ∆IR mice (data not shown).
To directly address whether insulin receptor deletion from SF1 VMH neurons alters leptin sensitivity, we assessed the efficiency of intracerebroventricularly administered leptin at inhibiting food intake in control and SF-1 ∆IR mice exposed to HFD. Of key importance, these studies were performed in 8-week-old mice, before the onset of potentially confounding alterations in fat and body mass (data not shown). This analysis revealed a significant increase in leptin sensitivity in SF-1 ∆IR mice compared to controls (Fig. 4e) .
Improved glucose metabolism in SF-1 ∆IR mice upon high-fat feeding Because we and others have previously demonstrated that insulin action in the CNS regulates peripheral glucose metabolism 14, 18, 24, 25 and that diet-induced attenuation of insulin action in the CNS contributes to the development of impaired glucose metabolism 26, 27 , we investigated the role of insulin action in SF-1 VMH neurons in control of peripheral glucose metabolism. Analysis of blood glucose concentrations, plasma insulin concentrations, insulin and glucose tolerance tests revealed no major alterations of glucose metabolism in the absence of insulin signaling in the VMH under a normal chow diet (Supplementary Fig. 4a-d) .
Although upon HFD exposure blood glucose levels did not differ (Fig. 5a) , SF-1 ∆IR mice showed significantly lower plasma insulin concentrations than control mice (Fig. 5b) . Moreover, SF-1 ∆IR mice fed a HFD showed significantly improved insulin and glucose tolerance as compared to control mice exposed to HFD (Fig. 5c,d) . Collectively, these data indicate that insulin signaling in SF-1 VMH neurons does not directly regulate peripheral glucose metabolism but that protection from diet-induced obesity in SF-1 ∆IR mice leads to slightly improved glucose metabolism in these mice upon high-fat feeding.
Increased PtdInsP 3 formation in the VMH promotes weight gain As abrogation of insulin receptor signaling in SF-1 VMH neurons reduces the development of obesity, we asked whether insulindependent signaling might be overactivated in the VMH under conditions of obesity. To this end, we analyzed PI3K signaling in the VMH in control mice under HFD. Notably, control mice exposed to HFD showed clearly higher immunoreactive PtdInsP 3 , even after an overnight fast, than lean mice. Whereas in lean mice only 10% of SF-1 neurons showed high PtdInsP 3 immunoreactivity (Fig. 1c) , this proportion was increased to 40% in control mice exposed to HFD (Fig. 6a) . This increase in SF-1 cells showing high PtdInsP 3 accumulation was significantly attenuated in SF-1 ∆IR mice (Fig. 6a) . a r t I C l e S However, the percentage of SF-1 VMH neurons showing moderate PtdInsP 3 immunoreactivity was higher in HFD-exposed SF-1 ∆IR mice than in HFD-fed controls (Fig. 6a) , indicating some residual dietinduced activation of PI3K signaling in SF-1 VMH neurons even in the absence of insulin receptor signaling. These experiments clearly indicate that HFD massively increases PI3K activity in SF-1 VMH neurons and that this activation to substantial proportion depends on insulin receptor signaling in these neurons.
To further functionally address the importance of diet-induced, insulin-dependent overactivation of PI3K signaling in the VMH, we aimed to mimic this effect through genetic PI3K overactivation in vivo. Phosphatase and tensin homolog (PTEN) negatively regulates PI3K signaling by dephosphorylating PtdIns(3,4,5)P 3 to PtdIns(4,5)P 2 ; thus, deletion of Pten leads to accumulation of PtdInsP 3 and subsequent hyperactivation of the PI3K pathway 19, 28 . Therefore, we crossed mice carrying a loxP-flanked Pten allele with SF-1 Cre mice; further intercrossing of the offspring generated VMHspecific Pten knockout mice-SF-1 ∆PTEN mice-and the respective controls. Ablation of PTEN yielded a greater number of SF-1 neurons with moderate to high levels of PtdInsP 3 compared to that in control mice when the mice were fed normal chow (Fig. 6b) .
Thus, SF-1 VMH neuron-restricted PTEN ablation mimics dietinduced overactivation of PI3K signaling in these neurons.
Next we assessed the consequences of increased PtdInsP 3 formation in SF-1 neurons for body weight and caloric intake. This analysis revealed significantly higher of body weight and food intake in SF-1 ∆PTEN mice compared to control mice exposed to normal chow diet (Fig. 6c,d) . However, when exposed to HFD, these mice developed the same degree of obesity as control mice (Pten fl/fl ) exposed to HFD (Fig. 6c) . These experiments indicate that PI3K overactivation in SF-1 neurons contributes to the weight gain and hyperphagia associated with HFD.
To directly address the contribution of impaired PI3K activation in SF-1 neurons of SF-1 ∆IR mice to the protection of these mice from the development of diet induced obesity, we generated mice lacking both insulin receptor and PTEN in SF-1 neurons-that is, SF-1 ∆IR:∆PTEN mice. Comparing body weight (Fig. 6c) , epigonadal fat mass (Fig. 6e) , body fat content (Fig. 6f) and adipocyte size (Fig. 6g) in control and SF-1 ∆IR:∆PTEN mice exposed to HFD revealed that protection from diet-induced weight gain and obesity in SF-1 ∆IR mice was abrogated by simultaneous ablation of PTEN in these neurons. Collectively, these experiments indicate that insulin-stimulated overactivation of PI3K signaling in SF-1 VMH neurons is important in the development of HFD-induced obesity.
Increased activity of POMC neurons in SF-1 DIR mice To further investigate the molecular basis of altered body weight regulation in SF-1 ∆IR mice, we analyzed the expression of hypothalamic [29] [30] [31] [32] [33] [34] . However, neither expression of ARC-derived neuropeptide genes in the melanocortin pathway (Pomc, Agrp) nor that of cocaine-and amphetamine-regulated transcript (Cartpt) or neuropeptide Y (Npy) differed depending on insulin receptor expression in SF-1 VMH neurons (Fig. 7a) . Moreover, expression of Nr5a1 (encoding SF-1) and Bdnf remained unchanged (Fig. 7b) . Thus, changes in expression of the investigated gene products do not explain the metabolic phenotype observed in mice lacking insulin receptor in SF-1 neurons.
Because neurons located in the mediobasal VMH have been described to provide glutamatergic innervation of anorexigenic POMC neurons in the ARC 35 , we investigated whether altering insulin action in SF-1 VMH neurons may affect electrical activity of POMC neurons upon high-fat feeding. To this end, we performed electrophysiological recording from genetically marked, GFP-expressing POMC neurons 36 in control (POMC GFP ) and SF-1 ∆IR mice (POMC GFP ;SF-1 ∆IR ) after exposure to HFD. Exposure to HFD impaired neuronal activity of POMC neurons. In HFD control mice, the mean firing frequency of POMC neurons was 1 Hz and more than half of the neurons did not fire spontaneous action potentials (Fig. 7c-e) . In contrast, the mean firing frequency of POMC neurons of SF-1 ∆IR mice was 2.7 Hz, and the proportion of silent POMC neurons was only 25%, despite exposure to HFD. Taken together, these experiments indicate that abrogation of insulin receptor signaling from SF-1 VMH neurons increases activity of anorexigenic POMC neurons under HFD.
DISCUSSION
Many studies over the last decades have established the VMH as an important satiety center 6, 37, 38 . The signals controlling VMH neuron activity are increasingly well defined, partly through the use of new techniques including those of targeted transgenesis and cell typespecific knockout mice 1, 4, 6, 8 . These have shown that abrogation of leptin signaling in SF-1-positive VMH neurons causes obesity and VMH-restricted alterations of BDNF affect energy homeostasis, supporting the notion that activation of glutamatergic SF-1 VMH neurons is critical for the suppression of feeding [5] [6] [7] 38 . Finally, insulin and also nutrients such as glucose have been previously demonstrated to control VMH neuronal activity; however, the physiological importance of this regulation remained unclear. The present study establishes that deletion of the insulin receptor gene and subsequent inactivation of insulin-stimulated signaling provides partial protection from HFD-induced hyperphagia, weight gain and obesity.
From a mechanistic point of view, our study identifies insulin as a crucial regulator of neuronal excitability, through PI3K-dependent activation of K ATP channels, as insulin's ability to inhibit firing of SF-1-positive VMH neurons is abrogated by tolbutamide. Most insulin-responsive neurons are clustered in an area in the mediobasal VMH. Of note, the same area provides glutamatergic innervations to anorexigenic POMC neurons in the ARC, as revealed by photoactivated glutamate-uncaging mapping 35 . Thus, we propose that overactivated insulin signaling in the VMH as present under HFD conditions inhibits the activity of glutamatergic projections to POMC neurons. This notion is consistent with the observed increase of POMC cell firing in SF-1 ∆IR mice when the mice are exposed to HFD.
Under normal chow diet, insulin-dependent silencing of these cells seems not to occur, because SF-1 ∆IR mice are phenotypically indistinguishable from controls under these conditions. Only when insulin levels rise, as upon high-fat feeding, does insulin action seem to reach a threshold for strong PI3K activation, subsequent K ATP channel activation and, ultimately, neuronal silencing. This notion is directly supported by two findings of the present study. First, HFD results in increased PtdInsP 3 formation, and second, this increase can be substantially attenuated by abrogation of insulin receptor signaling in VMH neurons. These experiments reveal that there seems to be a relatively high threshold for PI3K-dependent K ATP channel activation. This is consistent with our previous findings in POMC neurons, in which profound PI3K activation-either upon insulin stimulation or through genetic ablation of the PtdInsP 3 phosphatase PTEN-activate K ATP channels to cause neuronal silencing. By contrast, leptin stimulates PI3K signaling to much lesser extent and thus fails to activate K ATP channels but instead promotes POMC cell firing through activation of nonspecific cation channels 19, 39, 40 . This differential threshold for insulin's and leptin's abilities to activate apparently also holds true for VMH neurons, as insulin silences these cells whereas leptin promotes firing in most SF-1 VMH a r t I C l e S neurons 6 ; it has also been demonstrated that PI3K signaling in SF-1 cells is critical for leptin's ability to increase firing 40 .
Another noteworthy finding of the present study is that whereas HFD has been demonstrated to cause insulin resistance in the ARC 41 , it increases insulin action in the VMH. Thus, there are regional differences within the hypothalamus, ranging from resistance to enhanced basal signaling under conditions of diet-induced obesity. This finding of differentially regulated insulin sensitivity within the hypothalamus may stem from differences in accessibility of insulin to the neurons in these different locations. The blood brain barrier in the ARC is highly permeable 42 , and thus POMC and AgRP neurons may sense elevated circulating insulin concentrations, which lead to signal desensitization. Indeed, it can be demonstrated in cultured POMC neurons that chronic insulin stimulation results in signal attenuation by means of activation of proteasome-mediated insulin receptor substrate degradation 42, 43 . By contrast, VMH neurons may be exposed to insulin concentrations that are still elevated but are lower than those at ARC neurons, leading to increased tonic insulin signaling. Alternatively, we and others have recently demonstrated that fatty acids can cause leptin and insulin resistance in ARC neurons through Toll-like receptor-dependent activation of inflammatory signaling 26 . Differential accessibility of VMH neurons to circulating fatty acids may prevent insulin resistance in response to high-fat feeding from occurring in this anatomical location. Whatever the molecular basis for this phenomenon is, our experiments reveal that differential, nucleus-specific dysregulation of insulin action upon high-fat feeding-namely, insulin resistance in POMC neurons and overactivation of insulin action in the VMH-can cooperate to cause obesity.
Insulin stimulation enhances production of PtdInsP 3 , which will subsequently bind to and open K ATP channels, resulting in neuronal silencing. However, in POMC neurons, leptin-and insulin-stimulated PI3K activation is also required for Pomc transcription and neuropeptide synthesis in a FOXO1-dependent manner 19, 21, 44 . In contrast, mice lacking the principal PtdInsP 3 -activated downstream kinase, PDK1, in SF-1 cells were neither protected nor more sensitive to diet-induced obesity and hyperglycemia (B.F.B. and J.C.B., unpublished data), indicating that in SF-1 neurons insulin primarily regulates neuronal activity and thus neurotransmitter and neuropeptide release from these cells.
Taken together, using several complementary mouse models, we demonstrate that HFD-induced hyperinsulinemia leads to cellautonomous hyperpolarization of SF-1 neurons, leading in turn to functional changes in the synaptic input onto POMC neurons, causing obesity and glucose intolerance.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
Note: Supplementary information is available on the Nature Neuroscience website.
